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ABSTRACT 
 
Grain boundaries (GBs) play a major role in determining 
the device performance of in particular polycrystalline thin 
film solar cells including Si, CdTe and CIGS. Hydrogen 
passivation has been traditionally applied to passivate the 
defects at GBs. However, hydrogenated films such as 
amorphous silicon (a-Si:H) and microcrystalline silicon (μc-
Si:H) are subject to light-induced degradation effects. In 
this study on multicrystalline (mc)-Si wafers, we found an 
excellent correlation between the grain misorientation and 
the corresponding electrical resistivity across grain 
boundaries. In particular, the charge transport across GBs 
was greatly enhanced after the wafers were properly 
treated in acetonitrile (CH3CN). The results were 
explained to be due to the more effective charge 
neutralization of polar molecules on GBs. These findings 
may help us achieve high-quality materials at low cost for 
high-efficient solar cells by improving the carrier transport 
and minimizing the carrier recombination. We also believe 
that this study will help us with a deeper understanding on 
GBs and their behaviors for the applications not only in 
photovoltaics, but also in other solid-state devices such as 
thin-film transistors. 
 
 
 
1. INTRODUCTION 
 
Much interest has been shown in silicon thin-film solar 
cells because of their potential for low cost and other 
benefits such as non-toxicity and the essentially unlimited 
supply of basic materials [1, 2]. Among silicon thin-film 
technologies, polycrystalline silicon (poly-Si) (grain size: 1 
μm to 1 mm) is a promising emerging technology. Poly-Si 
thin films have better transport properties and are not 
subject to light-induced degradation effects [1, 3], 
compared to hydrogenated amorphous silicon (a-Si:H) and 
microcrystalline silicon (μc-Si:H) films. Rapid progress is 
being made and some promising results have been 
achieved in this field in the last several years. However, a 
lot of work still needs to be done before we see high 
penetration of polycrystalline thin film solar cells into the 
solar market.  
Grain boundaries (GBs) play a major role in determining 
the device performance of polycrystalline thin film solar 
cells. To minimize the effect of GBs, the key is either to 
eliminate GBs or to eliminate their electrical activity [4]. 
The latter approach (in particular GB passivation) is 
considered to be more feasible and economical. 
Traditionally, hydrogen has been used for the passivation. 
However, some issues related with the well-known 
Wronski-Staebler effect have not been solved so far. In 
this study, we therefore took a different approach using 
small polar molecules to passivate GBs in multicrystalline 
(mc)-Si wafers. mc-Si wafers rather than poly-Si thin films 
were chosen because of their large grains, which make it 
much easier to study GB behaviors. 
 
2. EXPERIMENTAL 
 
Investigation was carried out on p-type mc-Si wafers 
(thickness: ~200um; resistivity: 0.5−3 Ω•cm; grain size: in 
the range of mm−cm). Wafers were first cut into small 
samples of a few cm. We chose samples with grain 
boundaries (and corresponding grains as well) >1 cm long 
for easy study. Different investigated positions were 
slightly marked by a diamond scribe to see sheet resistivity 
changes before and after passivation. All samples were 
RCA cleaned using the standard procedure, followed by 
etching in 1:50 HF acid for 30 seconds, rinsing by DI water 
for 1 minute, and drying by compressed air. The 
passivation was conducted by immersing cleaned samples 
in pure acetonitrile (CH3CN), methanol (CH3OH), and 
formic acid (CHOOH), respectively, at a constant 
temperature of 60°C for certain periods of time. Samples 
were then taken out and dried by compressed air. 
Passivated samples were left in air at room temperature 
for more than 12 hours before the sheet resistivity 
measurement with the four-point probe technique 
(Signatone S-301-4). The measurement was conducted 
under both dark and illuminated conditions. The light 
source was from a standard solar simulator (ABET Sun 
2000). The sheet resistivity was measured both on bulk 
grains and across GBs. The average resistivity value at 
each grain or across each GB was obtained from at least 
five data points. After each test on a sample, the sample 
was first RCA cleaned and then put back in the same 
chemical for a longer period of time (the incremental step 
is 5 hrs) to study the passivation time effect on the 
resistivity across GBs. In this study, we focused on two 
kinds of grain boundaries, i.e., high-angle GBs (sheet 
resistivity > 1000 Ω/square) and low-angle GBs (sheet 
resistivity close to the bulk; 25-150 Ω/square).  
 
 
3. RESULTS AND DISCUSSION 
 
 
We first started with methanol (CH3OH) partly because it 
has been often mixed with iodine for surface passivation 
[4]. Methanol has a medium dipole moment of 1.69 D 
 (D=debye) among small polar molecular candidates. As 
shown in Fig. 1 (a), methanol is effective in passivating 
high-angle GBs. In particular after a 10-hr passivation, the 
dark Rsheet and illuminated Rsheet decreased from 2922.5 
Ω/square and 2307.6 Ω/square to 2180.0 Ω/square and 
1719.4 Ω/square, respectively (equivalently, by 25.4% and 
25.5%, respectively). Since the molecule size of methanol 
is ~0.41 nm, it is expected that these small molecules are 
easy to diffuse along GBs for passivation and therefore 
lower the energy potential barrier there. As to the low-
angle GB shown in Fig. 1(b), the passivation effect is not 
obvious, which is reasonable considering the GB contains 
much less defects/impurities. However, it slightly 
deteriorated the electrical conductivity for both large-angle 
and low-angle GBs after passivation for a longer time. The 
reason behind this is not clear at this moment, although it 
may be related to the increased diffusion of methanol into 
GBs and possibly chemical reaction there. 
 
 
 
 
 
Fig.2 indicates the effect of acetonitrile (CH3CN) 
passivation on the sheet resistivity of two different types of 
mc-Si grain boundaries. During the first 15 hours, the dark 
Rsheet and illuminated Rsheet decreased slightly from 5804.9 
Ω/square and 5083.6 Ω/square to 5523.9 Ω/square and 
4864.9 Ω/square, respectively. However, it is interesting to 
note that the Rsheet of the high-angle GB suddenly 
decreased dramatically under both dark and illuminated 
conditions after acetonitrile passivation for >20 hrs (Fig.2 
(a)). The dark Rsheet reached 828.7 Ω/square, i.e., reduced 
by 85.7% compared with its value before passivation. 
Meanwhile, the illuminated Rsheet also reached a similar 
value 793.1Ω/square (i.e. reduced by 84.4%). We tested 
the conductivity of acetonitrile itself, and verified that it is 
insulating, which rules out the possibility that the resistivity 
reduction after passivation was caused by the conductivity 
of chemical itself. We think therefore the improvement of 
the electronic properties at GBs is due to the interaction 
between mc-Si GBs and acetonitrile. This finding is 
significant because it shows that the Rsheet of defective 
high-angle GBs can be greatly reduced to be close to the 
bulk Rsheet (25-150 Ω/square) through simple acetonitrile 
passivation even after passivated samples were left in air 
at room temperature for >12 hrs. 
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Fig. 2. Sheet resistivity (Rsheet) across GBs vs. CH3CN 
passivation time under dark and illuminated 
conditions, respectively. (a) Large-angle GB. (b) Low-
angle GB. 
Fig. 1. Sheet resistivity (Rsheet) across GBs vs. CH3OH 
passivation time under dark and illuminated 
conditions, respectively. (a) Large-angle GB. (b) Low-
angle GB. 
 Again, we found that the effect of acetonitrile passivation 
on low-angle GBs is less significant (Fig. 2(b)). In addition, 
similar trend is shown as the case with the low-angle GB 
passivated with methanol (Fig. 1(b)).  
Comparing Fig. 1 with Fig. 2, we notice that the larger the 
dipole moment of a molecule has, the more effective it 
may be to passivate a high-angle GB. CH3CN has a much 
stronger dipole moment (3.9 D) than CH3OH (1.69 D) (see 
Table 1).  To further confirm this observation, we tested 
the passivation effect of formic acid (CHOOH), which has 
the smallest dipole moment (1.41 D) among these three 
kinds of molecules. As depicted in Fig.4, the formic acid 
passivation on both large-angle and low-angle GBs is not 
significant at all. The result further confirms that there is a 
strong relation between the dipole moment and the 
passivation effectiveness. To be more specific, molecules 
with strong dipole moment may help smooth out the 
charge distribution across GBs (which have charge double 
layers along GBs, as shown in a typical GB model) so that 
more effective charge neutralization of polar molecules on 
GBs may happen and potential barriers can then be 
lowered for easier charge transportation. 
 
 
Table 1. Comparison between small polar molecules 
 
YY823.9acetonitrileCH3CN
N100.81.41formic acidHC(=O)(OH)
Y64.71.69 MethanolCH3-OH
volatilityboiling point (℃)Dipole moment (D)Molecular
 
 
 
 
 
 
 
 
(a) 
(b) 
Fig. 3. Sheet resistivity (Rsheet) across GBs vs.
CHOOH passivation time under dark and illuminated 
conditions, respectively. (a) Large-angle GB. (b) Low-
angle GB. 
 4. CONLUSIONS 
 
Four-point probe technique was employed to study the 
passivation effect of three kinds of small polar molecules 
(methanol, acetonitrile, and formic acid) on GBs of mc-Si 
wafers. It indicates that acetonitrile has the strongest 
passivation effect on large-angle GBs, followed by 
methanol. In particular, it is significant that through a 25-hr 
treatment with acetonitrile at 60°C, the dark Rsheet and 
illuminated Rsheet were reduced dramatically from 5804.9 
Ω/square and 5083.6 Ω/square to 828.7 Ω/square and 
793.1Ω/square, respectively. On the other hand, less polar 
formic acid almost doesn’t exhibit passivation effect. As 
expected, the passivation on low-angle GBs is not 
effective for all cases. We found that there is a strong 
relation between the dipole moment and the passivation 
effectiveness. Further study on GB passivation with small 
polar molecules is in progress. 
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